Summary. The possibility that free fatty acids (FFA) and their CoN esters may directly inhibit the activity of enzymes of glycolysis and lipogenesis was studied in liver and adipose tissue of acutely diabetic rats. Despite a marked elevation in tissue FFA, the activity of glucose-6-phosphate dehydrogenase, phospbofructokinase, pyruvate kinase, u-glycerophosphate dehydrogenase, aldolase, citrate synthetase, and several other enzymes was not affected 3 or 6 h after anti-insulin serum injection. The activities of hepatic and adipose tissue acetyl-Coi carboxylase, hepatic glucokinase and adipose tissue hexokinase were decreased. The tissue FFA levels were compared to linoleate concentrations required for halfmaximal inhibition (Ki) of several enzymes in tissue fractions after in vitro contact of 30 rain at 37 ~ C. Linoleate irreversibly inactivated the enzymes to a varying degree but its effect was dependent on the protein content of the system. The Ki of linoleate increased linearly with cellular protein concentration; when extrapolated to the protein level in the intact cell it became unphysiologieally high, markedly exceeding the liver or adipose tissue FFA concentration of acutely diabetic rats. The Ki linoleate and the actual FFA concentrations were particularly discrepant in the cytoplasmic compartment, comprising most of the investigated enzymes, hut only a small proportion of tissue FFA, as determined by measurements of intracellular FFi distribution. Similar discrepancy was found for the interaction of pMmityl-CoA with glucose-6-phosphate dehydrogenase and aeetyl-CoA carboxylase. Thus, the selective decrease in the activity of glueokinase and acetyl-CoA carboxylase in acute diabetes was attributed to factors other than FFA or their CoN esters. The nature of FFA-cnzyme interaction, causing enzyme inactivation rather than specific inhibition is discussed, concluding that FFA do not act as direct homeostatic modifiers of enzymes regulating carbohydrate and fat metabolism.
SeverM reports have appeared in recent years indicating that long-chain free fatty acids (FFA) and CoA esters of long-chMn fatty acids directly alter the activity of various enzymes of glucose metabolism and lipogenesis. The activities of glueokinase, hexokinase, phosphofructokinase, pyruvate kinase, glucose-6-phosphate dehydrogenase [26, 54] acetyl-Coi earboxylase [25] and e-glyeerophosphate dehydrogenase [53] were reduced after in vitro incubation of dilute rat liver homogenate fractions or purified enzyme preparations with FFA. In similar experiments, the CoA esters of long chain fatty acids have been demonstrated to inhibit the activity of acetyl-CoA carboxylase [5] , citrate synthetase [44, 55] glueose-6-phosphate dehydrogenase [17] , phosphatidie acid phosphatase [6] , glueokinase [I2] , fatty acid synthetase [16] and pyrurate and ketoglutarate dehydrogenases [18] .
Since the circulating and the intracellular concentrations of FFA rise in starvation and diabetes, when glycolysis is inhibited and glueoneogenesis promoted, it has thus been suggested that FFA may have a physiological role in ejecting the switehover from glucose consumption to glucose production [26, 54] . Likewise, both FFA and fatty acyl Coi esters have been implicated to be instrumental in curtailing lipogenesis [5, 25] .
On the other hand, doubts have been raised whether FFA may serve as selective modifiers of enzyme activity of physiological relevance, because the interaction of enzymes with FFA or their CoN derivatives is based on a rather poorly defined association at a high molar ratio of FFA to the enzymes. Moreover, FFIk were found to irreversibly inactivate numerous enzymes without obvious structural or functional relationship [44, 16, 33, 38, 47] .
It was our purpose to assess the importance of inactivation of enzymes by FFA and their CoA derivatives under the condition of rapidly elevated cellular FFA concentrations elicited by the injection of anti-insulin serum. To evaluate the in rive FFAenzyme interaction, inactivation of enzymes was also studied after contact of cellular fractions with FFA in vitro. To approach the situation in the intact cell, special attention was given to the role of protein presence during the FFA-enzyme interaction, since the extent of FFA binding to specific enzymes in a mixture like tissue cytoplasm is influenced by the presence of other proteins with competing affinity for FFA.
The results demonstrated a highly protective effect of cellular proteins of the liver or adipose tissue on enzyme activity, and indicated tha~ the FFA concentrations in the cytoplasm are too low to cause substantial enzyme inactivation, even when elevated as a result of extensive lipolysis. These findings do not support the contention that major physiological adjustments are effected by direct interaction of enzymes with FFA. Some of these results were reported previously in a preliminary form [38, 39] .
Materials and Methods

Homogenate Preparation
Male Sprague-Dawley rats, weighing 200 to 250 g, maintained on Purina laboratory chow, were decapitated and bled. Liver homogenates (33%, W/V) were prepared at 4~ in a coaxial glass homogenizer equipped with a Teflon pestle. Epididymal adipose tissue was homogenized at room temperature in an all-glass Tenbroeck hand homogenizer and chilled afterwards. For most enzyme activity determinations the homogenizing solution used was 0.2 M sucrose, containing 20 mM triethanolamine-HC1, pH 7.5, 1 mM Na 2 EDTA and 1 mM glutathione. For the determination of glucokinase and hexokinase, the homogenizing solution was 0.15 M KC1 and for phosphoffuctokinase, 0.2 M sucrose containing 50 mM KF.
The cytoplasmic fraction was obtained by centriiugation at 100000 g for 45 rain. For the isolation of the mitochondrial fraction, the homogenate was first centrifuged for 5 min at 800 g to remove the debris, and the supernatant fluid was then recentrifuged for i0 min at 12000 g. The precipitate was washed with the homogenizing solution, lyophylizcd and stored at --20~ until use.
Enzyme-Linoleate Interaction
For the study of in vitro interaction of FFA with enzymes, linoleate (Hormel Institute of the University of Minnesota, U.S.A.) was chosen as the representative long-chain FFA because of the relative ease with which concentrated aqueous stock solutions could be prepared at pH 8.0 to 8.5. Sets of tubes were prepared on an ice bath, each containing the cytoplasmic fraction at a constant protein concentration within the range of 40 to 1 mg/ml. The dilution was made with the original homogenizing solution. A stock solution of potassium linoleate was added to produce a series with decreasing linoleate/protein ratios. Final concentrations of linoleate in each set with a constant protein concentration were 0.1 to 14 ~moles/ml. The volume ratio of the cytoplasmic fraction to the linoleate solution (or water blank) was 4:1, and the final pH was 7.5 to 7.6. Aiter the addition of linoleate, nis was gently passed through the tubes, to prevent oxidation, the tubes were covered with parafilm and incubated for 30 rain on a water bath at 37~ The activity of various enzymes was then promptly determined, the tubes being stored on ice up to the assay. To obtain a sample at concentration convenient for the assay of enzyme activity, when necessary, the mixture was diluted with a 1% solution of bovine FFA-poor albumin (Pentex Co., Kankakee, Ill., U.S.A.) in a buffer appropriate for the assay.
Enzyme Assays
Enzyme assays, based on NADH/NAD interconversion, were performed by recording the changes in fluorescence in an AMINCO microfluorometer. Standard spectrophotometric procedures were adapted for this purpose. Sensitivity was adjusted so that 5 to 10 nmole/ml of the reduced nucleotide produced a full scale deflection.
The methods used were as follows: aldolase, EC 4.1.2.13, [42] ; glucokinase and hexokinase, EC 2.7.1.2 and EC 2.7.1.1. respectively, [40] ; phosphofructokinase, EC 2.7.1.11, [50] ; ~-glycerophosphate dehydrogenase, EC 1.1.99.5, [2] ; pyruvate kinase, EC 2.7.1.40 [7] ; NAD-malate dehydrogenase, EC 1.1.1.37, [32] ; NADP-malate dehydrogenase ("malate enzyme") EC 1.1.1.40 and NADP-isocitrate dehydrogenase, EC 1.1.1.42, [31 ] ; ATP-citrate lyase ("citrate cleavage enzyme"), EC 4.1.3.8, [43] and glucose-6-phosphate dehydrogenase, EC 1.1.1.49, [19] . Glucose-6-phosphatase, EC 3.1.3.9, [46] was determined in a crude liver homogenate.
The activity of acetyl-CoA carboxylase, EC 6.4.1.2, was determined by fixation of KH14COa at 15 mlVI concentration by a procedure adapted from Matsuhashi et al. [28] . The enzyme was activated by 30 min pre-incubation with 15 mM citrate at 30~ Activity of acetyl-CoA carboxylase was also measured by incorporation of 2,5-14C-citrate into fatty acids without preactivation [41] .
Phosphoenolpyruvate carboxylase, EC 4.1.1.32, was determined by fixation of KH14C03 in the presence of IDP [10] .
Citrate synthetase ("citrate condensing enzyme"), EC 4.1.3.7, was determined spectrophotometrically [30] , and pyruTcate carboxylase, EC 6.4.1.1. by a radiochemical assay [51] , both in lyophylized mitochondria, reconstituted in the original homogenizing solution.
All activities were measured at 30~ and expressed as nmoles of substrate metabolized per rain per mg protein in the respective cellular fraction. The activity remaining after in vitro contact with linoleate was expressed as percentage of the activity measured in the same fraction after incubation in the absence of linoleate. Protein content was determined by a modification of the method of Lowry et al. [27] .
The auxiliary enzymes and substrates were purchased from Sigma Chemical Co., U.S.A. or Boehringer GmbH, Germany. Acetyl-CoA and palmityl-CoA were obtained from P-L Laboratories, Milwaukee, Wise., U.S.A. Radioactive materials were purchased from the New England Nuclear Corporation.
Anti-Insulin Serum Injection
Guinea pig anti-insulin serum was injected into the rat femoral vein, under light CO~:O 2 anesthesia. The anti-insulin serum was injected in two doses of 3.5 units each, at 90 rain intervals to rats fed ad libitum or in three doses of 3.5 units each, at the same intervals to 24 hrs fasted rats. Control animals received normal guinea pig serum according to the same schedule. The animals were killed by decapitation 3 hrs (fed rats), or 6 hrs (fasted rats), after the initial injection.
Determination of Tissue FFA Content and Distribution
To prevent lipolysis di-isopropyl fluorophosphate (DFP), in final concentration of 0.1 mM, was added to portions of the liver and adipose tissue homogenates. As a marker of FFA, 0.1 ~e of 1-~4C-oleate was added in trace amount. A sample of the homogenate was then extracted with I)ole's mixture [14] . The rest was centrifuged to separate mitochondrial (10 rain at 12000 g), mierosomal (45 rain at 100000 g) and cytoplasmic fractions. These fractions were quantitatively collected and extracted. In the case of adipose tissue, the mitochondrial and microsomal fractions were separated together at 100000 g. The fat layer at the top of the tube was also transferred to the Dole's extractant.
The phases in the extract were separated by the addition of appropriate amounts of water and heptane within 15 to 30 rain to avoid an increase in titratable acidity in stored tissue extracts. The upper heptane layer was twice washed on a synthetic lower phase of acidic isopropanol and water [14] . Next, it was transferred to a double volume of 0.05 N KOH solution in 50% ethanol for the separation of FFA. The FFA were then reextracted into a fresh portion of heptane by acidification of the alkaline ethanolic phase and finally titrated and counted. The absence of phospholipids and neutral lipids in the final FFA extracts was verified by thin layer chromatography. For the titration of FFA in the cytoplasmic fraction of liver it was necessary to concentrate the extract 3 to 4 fold by evaporation under nitrogen. The concentration of FFA in the cytoplasmic fraction of adipose tissue was too low for titration. The percent distribution of FFA in this fraction only was determined by radioactivity. The extraction and separation of tissue FFA was monitored by processing, in parallel, a labeled standard. The losses amounted from 10 to 15% of the starting amount and the tabulated values were corrected accordingly.
Results
In Vivo Experiments
To determine if a rapid increase in intracellular FFA will induce a reduction in the activity of cytoplasmic and mitochondrial enzymes related to carbohydrate and fat metabolism, acute diabetes was produced by the injection of anti-insulin serum. The changes in net serum glucose and FFA levels are recorded in Table 1 . Glucose levels rose 2.5 to 3-fold in both the fed and fasted rats. The extent of serum FFA rise was larger in the fed than in the fasted rats, but highest FFA levels were obtained in the fasted animals. (7) 291125 1.27=~0.11
The FFA content and distribution in liver and adipose tissue are presented in Tables 2 and 3 respectively. The total FFA levels found in liver and adipose tissue are within the range of previously reported values of 0.3 to 2.8 ~moles/g for liver [22, 35, 48] and 1 to 3 moles for adipose tissue [23, 48, 52] , as dertermined by various methods. As far as the distribution of FFA is concerned, most of the FFA in the normal liver were bound to subcellular particles; only about 6% of the total FFA resided in the cytoplasmic fraction. Of the particle fractions, the mitochondria appeared to bind somewhat more FFA than the microsomes. On the other hand, the microsomal protein content was less than one half that of the mJtoehondrial fraction; therefore, the microsomes exhibited a higher binding affinity for FFA per mg of protein. This is in agreement with the report of Reshef and Shapiro [34] who demonstrated a marked binding capacity of subeellular particles of liver and adipose tissue for FFA in vitro. Upon injection of anti-insulin serum, the total liver FFA content rose 80 to 90% in both the fed and fasted rats, but the distribution of FFA among the subeellular fractions did not change appreciably. The concentration of FFA in the cytoplasmic fraction rose twofold approximately, to 0.3 mlVi and 0.7 raM, in the fed and fasted rats respectively.
In adipose tissue, the compartment in which the highest proportion of FFA was recovered was the fat layer (Table 3 ). This compartment constituted about 85% of adipose tissue wet weight and contained about 70% of the total'FFA content. Approximately 30% of the total FFA was found in the particle fractions and only 1% in the soluble fraction representing the cytoplasm. To calculate the FFA concentration in the latter fraction an assumption was made that the cytoplasmic and the intercellular water spaces together comprise 10% of adipose tissue volume [11] and[ that the FFA concentration in these two compartments is similar. The value obtained was approximately 0.3 mM in normal fed rats.
The subcellular distribution of FFA in adipose tissue did not change appreciably as a result of antiinsulin serum injection, although the total tissue FFA content increased by about 190% in fed rats and by about 40% in fasted rats. The FFA concentration in the cytoplasmic fraction of adipose tissue was estimated to rise, after the injection of anti-insulin serum, to 1.1 mlVf in the fed rats and 2.1 mM in fasted rats.
were seen when its activity was dertemined by citrate incorporation into fatty acids than by C02 fixation. Apart from these changes, there were no significant decreases in the activity of any of the other enzymes studied. Conversely, there were significant increases in the activity of the gluconeogcnie enzymes pyruvate carboxylase and phosphoenolpyruvate earboxylase.
In adipose tissue, a decrease in the activity of hexokinase was observed which was significant only in the fasted rats injected with anti-insulin serum Table 2 .
JF_FA content and distribution in liver of rats injected with anti-insulin serum
The values given are means 3= SE for the number of rats indicated in parentheses. AIS = anti-insulin serum.
The levels of total liver FFA were determined by titration as described in the methods. The distribution of FFA was determined from the distribution of added l-i4C-oleate and by titration of FFA in the separated fractions. The combined recovery of FFA from the subeellular fractions obtained by titration exceeded the FFA content of the original homogenate by 9 to 20%. The combined recovery of oleate radioactivity was 89 to 93 %. The distribution values obtained by the titration and radioactivity methods agreed within 8 to 14%. The values listed in the Values given are means3=SE for the nmnber of rats indicated in parentheses. The levels of total adipose tissue FFA and the FF& distribution were determined as described in Table 2 for the liver, l~ecovery values were similar. The values listed in the Table are those of 1-i4C-oleate distribution. Because of considerable dilution, the FFA levels in the cytoplasmic fraction were too low for titration. The cytoplasmic FFA concentration was calculated from the mean total FFA level and percent of 1-14C-oleate radioactivity in this fraction. An assumption was made that the aqueous portion of adipose tissue is i00 ILl/g [Ii] and that the FFA in the intracellular and extraeellular water space are the same.
The mean concentrations of protein in the fractions were: mitochondria + microsomes, 3.9; cytoplasmic fraction, 7.3; and fat (layer), 0.3 mg/g.
Fraction
Fed The activity of enzymes in the liver of rats injected with anti-insulin serum is listed in Table 4 . The activity of glucokinase decreased slightly, though significantly as found previously in similar experiments [37] . The activity of acetyl-CoA carboxylase also decreased, in agreement with the findings of Kalkhoff and Kipnis [22] . Larger decreases in acetyl-CoA carboxylase (Table 5) . Acetyl-CoA carboxylase activity, measured by COn fixation, decreased both" in the fed and fasted rats. The activities of other enzymes related to glycolysis and lipogenesis did not change significantly. In contrast, the activity of phosphoenolpyruvate carboxylase, which in adipose tissue is an important regulatory enzyme for glyceroneogenesis [1, 21] increased significantly after anti-insulin serum injection both in the fed and fasted rats.
In Vitro Experiments
To obtain an estimate of FFA concentrations, which would be required to produce significant enzyme activity reduction under conditions simulating the cellular millieu, the cytoplasmic fraction of liver and adipose tissue were brought in contact with linoleate. The activity of enzymes was determined after 30 rain of incubation at varying cytoplasmic protein/linoleate concentration ratios. Plots of enzyme activityversus linoleate concentration were constructed for each of a series of protein concentrations, from which the linoleate concentration required for halfmaximal enzyme activity reduction (Ki) was read. This is illustrated in Fig. 1 for the hepatic glucose-6-phosphate dehydrogenase.
It is evident from the figure that at higher concentrations of protein, higher concentrations of linoleate were required to decrease the activity of the enzyme. The Ki of linoleate for glucose-6-phosphate dehydrogenase increased about 20-fold (from 0.12 to 25 mM) when the protein concentration was increased by a Figure, represents enzyme activity at a given dilution of the cytoplasmic fraction, assayed after 30 rain of incubation at 37~ with increasing concentrations of potassium linoleate. The protein concentration at each dilution and the concentration of linoleate causing 50% inactivation at this dilution (Ki) are indicated on the curves in two vertical columns. At each dilution, enzyme activity, measured after incubation with buffer solution instead of linoleate, was taken as 100%. For further explanation see Methods
The determination of glucose-6-phosphate dehydrogenase activity, after preincubation with linoleate, required the dilution of the cytoplasmic fraction to a range convenient for the measurement of NADPH generation which contained approximately 0.1 mg/ml protein. It is highly unlikely that linoleate had any effect on the activity of enzyme after the incubation at 37 ~ C, since a 10 mg/ml albumin solution was used to dilute the incubation mixture. Albumin, at a concentration of 25 to 50 mg/ml prevented any deterioration in enzyme activity when added to the cytoplasmic fraction prior to the incubation with linoleate (Table 6 ). Albumin did not restore the activity of glueose-6-phosphate dehydrogenase when it was added after the incubation. It is of interest that linoleate had no effect on enzyme activity even when the molar ratio linoleate/albumin was between 4 and 2.
This suggests competition for FFA by the second class binding sites on albumin which have an association constant of the order of 10 -~, and can aecomodate 4 to 6 molecules of FFA, but not competition by the Table 6 . Prevention by albumin of linoleate-induced inactivation of glucose-6-phosphate dehydrogenase A series of tubes with liver cytoplasmic fraction, conraining 1 mg/ml protein, was incubated for 30 min at 37~ with 1.44 ~moles/ml of potassium linoleate. Prior to the incubation, increasing amounts of FFA-poor bovine albumin were added as a concentrated solution. The final volume of the system was kept constant at 0.5 m]. After the incubation the mixture was diluted tenfold with 1% albumin solution and the enzyme activity determined. In the calculation of molar ratios, the mol. wt. of albumin was taken as 65 000. The amount of FEn on the added albumin was less than 0.1 ~mole/50 mg and was disregarded in the calculations, as was the proportion of linoleate bound to the proteins of the cytoplasmic fraction. [20] . The dependence of the inhibitory effect of linoleate on the protein concentration of the cytoplasmic fraction was also noted with other enzymes. In each instance the loss of enzyme activity as a result of incubation with linoleate became gradually smaller when the protein concentration of the cytoplasmic fraction was increased. At a cytoplasmic protein concentration range of 22 to 30 mg/ml, the Ki for linoleate in the case of glucokinase, hexokinase, phosphofructokinase, pyruvate kinase, ~-glycerophosphate dehydrogenase, aldolase, and ATP-citrate lyase ranged from 3 to 9 raM. NAD-malate dehydrogenase was quite resistant to inactivation by linolcate, since at a protein concentration of 30 mg/ml almost no inactivation was noted under the conditions of this study (data not shown). Conversely, NADP-isocitrate dehydrogenase (Fig. 5) showed a marked susceptibility to linoleate. The Ki of this enzyme for linoleate was 1.2 mM at a protein concentration of 30 mg/ml. These Ki values were plotted for each enzyme as a function of cytoplasmic protein concentration (Fig. 2) . Since a linear relationship was obtained up to 40 mg/ml, the maximal in vitro used protein concentration: an extrapolation of Ki was carried out, assuming that the straight line relationship persists up to the intracellular cytoplasmic protein concentration of 90 to 110 mg/ml.
The interaction of the mitoehondrial enzyme citrate synthetase with linoleate was also studied since it has been reported that its activity is decreased by FFA and that this may have a regulatory influence on the tricarboxylie acid cycle [6] . As with the cytoplasmic enzymes the effect of linoleate on citrate by palmityl-CoA was, similarly to linoleate, dependent on the protein concentration during the incubation. The Ki linoleate and Ki palmityl-CoA rose nearly 10-fold when the concentration of the cytoplasmic protein was increased from 3 to 2g mg/ml. Both in the ease of glucose-6-phosphate dehydrogenase and aeetyl- Fig. 1 , were plotted against the respective protein concentration in the range of 1.5 to 40 mg/ml. Assuming a linear relationship, the lines were extrapolated to 100 mg/ml, the approximate protein concentration in liver cytoplasm (shown by marks in parentheses) synthetase was dependent on the concentration of mitoehondrial protein in the incubation system. A plot showing the dependence of Ki linoleate for citrate synthetase on the mitoehondrial protein concentration and its extrapolation to the assumed mitochondrial protein concentration in the intact cell is sho~n in Fig. 3 . CoA esters of fatty acids have also been reported to inhibit purified glucose-6-phosphate dehydrogenase [17] and acetyl-CoA earboxylase [5] . It was of interest to compare the characteristics of this inhibition with that due to linoleate in the cytoplasmic fraction system. Figs. 4 and 5 show that the extent of inhibition CoA carboxylase, pMmityl-CoA was a stronger inactivator than linoleate since at the same protein concentration a similar degree of enzyme activity reduction was produced at a palmityl-CoA concentration about one tenth that of linoleate. Acetyl-CoA carboxylase was considerably more sensitive than glueose-6-phosphate dehydrogenase to contact with linoleate or palmityl-CoA. Ki linoleate and Ki palmityl-CoA of acetyl-CoA carboxylase were 20 and 2 times lower, respectively, than in the ease of glucose-6-phosphate dehydrogenase. The inhibitory effect of 1.2 mM palmityl-CoA eould be prevented by 25 mg/ml of albumin when added prior to the incubation to a cytoplasmic fraction containing 3 mg/ml protein, but it could not be reversed when the albumin was added after the incubation. I-Iexokhlase x-~-x ATyicitrate lyase (citrate cleavage enzyme) Fig. 8 . Effect of linoleate on the activity of several enzymes of adipose tissue. Enzyme activity was measured after incubation of the cytoplasmic fraction (protein concentration 3.6 mg/ml) with increasing concentrations of potassium linoleate for 30 rain at 37 ~ C. The concentration of linoleate effecting a 50O/o reduction in enzyme activity (Ki) is indicated next to the enzyme designation Dependence of the K~ palmityl CoA for these two enzymes on the cytoplasmic protein concentration showed a linear relationship (Fig. 6) . Assuming that the ]inearity persists, the K~ was extrapolated to the cytoplasmic protein concentration in the intact cell.
The behavior of glueose-6-phosphate dehydrogenase activity of adipose tissue, when incubated with linoleate, was similar to that of the liver enzyme. Fig. 7 illustrates that the Ki linoleate increases with increasing cytoplasmic protein concentrations. The span of protein concentrations used was small, since the cytoplasmic compartment of adipose tissue undergoes a considerable dilution during the homogenization. Fig. 10 shows the K~ linoleate for a group of adipose tissue enzymes incubated at a protein concentration of 3.6 mg/ml. As with liver, the activity of NAD-malate dehydrogenase was most resistant and that of NADP-isocitrate dehydrogenase was most sensitive to linoleate. For most adipose tissue enzymes the magnitude of Ki linoleate, relative to the cytoplasmic protein concentration, was in the same range as for the corresponding hepatic enzymes.
Discussion
This study points out that a physiologically meaningful interpretation of the interaction of FFA with enzymes should be expressed in terms of the concentration of FFA relative to the concentration of protein in the system. This is particularly critical when the effect of FFA is determined in tissue homogenates, since the concentration of protein is much lower than that within the cell, and as demonstrated here, cellular proteins exert a marked protective effect on the FFA-Jndueed enzyme activity deterioration. The same criteria apply to the interaction of enzymes with CoA esters of long-chain fatty acids.
FFA interact with and denature numerous proteins at a high molar ratio to the protein [8, 9, 24] . This may be demonstrated in our experiments as well. Assuming arbitrarily that all cytoplasmic proteins bind FFA and that their average molecular weight is 60000, the Ki linoleate of 20 mM recorded here for glueose-6-phosphate dehydrogenase, at a protein concentration of 30 mg/ml, would mean the association of as many as 40 molecules of FFA per molecule of cytoplasmic protein. This is not compatible with an inhibition at a specific enzyme site. A gradual decline of function was produced during the contact of enzymes with FFA as evident from our observations that the loss of activity was irreversible after 30 rain of incubation at 37~ even if the FFA were than removed by binding to albumin. Three conclusions may be drawn from these results: 1. contact with FFA results in a time-dependent, detergent-like assoeiatio~ with multiple, non-specific sites on the enzyme molecule, causing inactivation rather than inhibition; 2. FFA are unlikely to be enzyme modifiers, since reversibility of inhibition constitutes one of the requisites of a homeostatic effeetor; 3. presence of protein, other than the enzyme, influences the effect and protects the enzyme from inactivation by competitively binding FFA.
Taketa and Pogell [47] have reported that palmitylCoA inactivates numerous enzymes associated with unrelated metabolic pathways. With purified enzymes the molar ratio palmityl-CoA/protein, necessary to produce loss of activity, was quite large [5, 16, :t7, 55] . As a result, the regulatory importance of the inactivation of enzymes by FFA or their CoA esters was questioned [16, 33, 38, 47] . Our results strongly support this contention and extend its validity to physiological situations.
To demonstrate that the cellular FFA concentrations fall short of the Ki values required for enzyme inactivation the in vitro determined Ki values were extrapolated to the cytoplasmic protein content in the intact cell (Fig. 2) . These Ki concentrations exceed the levels of total liver FFA ( Table 2) at least by one order of magnitude. A similarly large discrepancy is found in the ease of mitochondrial citrate synthetase (Fig. 3) . Likewise, the Ki concentration of pMmityl-CoA for glucose-6-phosphate dehydrogenase and aeetyl-CoA earboxylase at the intact cell cytoplasmic protein concentration (Fig. 6) exceeds by far the liver long-chain fatty aeyl-CoA levels, reported to range from 0.05 to 0.10 ~moles/g [49] .
Furthermore, the effect of FFA on enzyme activity should be related not to the total cellular FFA content, but to the FFA concentration in the compartment in which the pertinent enzymes reside. Since only a small proportion of FFA resides in the cytoplasm (. Tables 1  and 2 ), most of the tissue FFA are not avMlable for interaction with the enzymes of glycolysis and lipogenesis which are localized to this compartment. The cytoplasmic FFA concentration, 0.1 mM in the liver and 0.3 mM in adipose tissue, is lower by as much as two orders of magnitude than the extrapolated Ki concentration for glueokinase, phosphofruetokinase, aldolase, pyruvatc kinase, glueose-6-phosphate dehydrogenase or acetyl-CoA earboxylase (Figs. 2 and 6 ), enzymes which have been implicated to be controlled by FFA [5, 17, 25, 26, 54] .
Anti-insulin serum injection increased the FFA concentration in the li.ver considerably and in adipose tissue cytoplasm as well as in the mitochondria, particularly in the fasted rats (Tables 1 and 2 ). However, even these levels are markedly lower than the Ki linoleate values obtained from the in vitro extrapolations. Absence of changes in the activity of most of liver and adipose tissue enzymes of rats injected with anti-insulin serum (Tables 4 and 5) corroborates the conclusion that these rises in FFA are not sufficient to inactivate enzymes in the intracellular milieu. E. Shafrir and 1~. B. Ruderman: Free Fatty-Acid-Enzyme Interaction Special consideration should be given to the selective decreases in the activity of liver and adipose tissue aeetyl-CoA earboxylase, liver glueokinase and adipose tissue hexokinase observed in the acutely diabetic rats. The Ki linoleate values for inactivation of these two enzymes, extrapolated for the intracellular protein concentration, were about 10 and 5 raM, respectively, in the same range as the Ks for NADP-isocitrate dehydrogenase and ATP-eitrate lyase, the activity of which was not affected by insulin deprivation. It appears therefore that glucokinase and acetyl-CoA earboxylase were affected by factors other than FFA. The decrease in liver glucokinase and adipose tissue hexokinase activity may perhaps be directly related to insulin inavailability since the activity of these enzymes was shown to be preserved in vitro by insulin [4, 36, 37] . The rapid decrease in aeetyl-CoA carboxylase activity after insulin deprivation cannot be completely explained at present. It is unlikely that long-chain fatty acyl-CoA esters were involved. Levels of these CoA esters in diabetes or starvation amount to 0.1 ~moles/g [6, 49] , probably mainly confined to the mitochondria, whereas the extrapolated Kl palmityl-CoA for the cytoplasmic acetyl-CoA earboxylase, is 2.4 mM (Fig. 6) . The previously reported low Ki values for long-chain fatty acyl-CoA inhibition of aeetyl-CoA carboxylase [5] were based on an interaction with a purified enzyme preparation and cannot be used for physiologica ! purposes. If, is also pertinent that in triiodothyronine-treated rats, the activity of acetyl-CoA carboxylase activity and of other enzymes of lipogenesis in liver and adipose tissue was increased [13] , despite the fact that in this condition the FFA and acyl-CoA levels rose two to three fold (E. Shafrir, unpublished observations).
It should be noted that the comparison between the tissue FFA levels and Ki values determined in vitro are based on an arbitrary 30 rain interaction of the cytoplasmic fraction with linoleate. Since this reaction is time-dependent, a more sustained contact with FFA such as in long-lasting starvation or diabetes, could theoretically lower the Ki values. In this way, FFA might serve as a "physiological denaturant", which accelerates enzyme decay rates, as was suggested by Srere [44] and Eger-Neufeldt et al. [17] . However, the likelihood of such a role is doubtful because many unrelated enzymes would be thus indiscriminately affected, and because we have failed tO note a decrease in the activity of most of the enzymes studied, in tissues of rats maintained for as long as 6 hrs on anti-insulin serum.
On the contrary, there are cellular substances which may diminish the ability of FFA to inactivate enzymes in vivo. Enzyme cofactors and substrates, such as NAD, NADP, glucose, glucose-6-phosphate, oxaloaeetate or citrate, were shown to confer protection against inactivation by FFA or aeyl-CoA esters [26, 44, 47] . Thus, under in vivo conditions, the critical Ki concentrations of FFA or acyl-CoA esters may be even higher than those calculated here.
Lack of decline in the maximal activity of most enzymes of glyeolysis and lipogenesis, within 3 to 6 hrs of acute insulin deprivation, and the relatively small increase in that of enzymes of gluconeogenesis must be contrasted to the prompt and marked elevation of serum glucose and other metabolic changes characteristic of this situation. This suggests that the rapid adjustments to insulin deprivation are not due to changes in enzyme concentration, but rather to the activation or deactivation of enzymes promptly responding to intracellular modifiers other than FFA. In agreement with this, increased liver gluconeogenesis was demonstrable within 3 hrs of food removal before any rise in the levels of FFA [45] . Changes in maximal activity of glycolytic, lipogenie and gluconeogenic enzymes in rats after total pancreatectomy [29] , or anti-insulin serum injection [15] are detected later than would be expected if FFA inactivation was involved.
Finally, it should be noted that although FFA as such seem to be devoid of direct influence on enzymes in vivo, it is most probable that increased FFA oxidation does influence enzyme activity by causing changes in the levels of intraeellular enzyme modifiers such as citrate, acetyl-CoA and NADH.
